INTRODUCTION
Human T cell leukemia virus type I (HTLV-I) is the etiological agent of adult T cell leukemia (ATL) and tropical spastic paraparesis/HTLV-I-associated myelopathy (TSP/ HAM) (Poiesz et al., 1980; Hinuma et al., 1981; Yoshida et al., 1982; Gessain et al., 1985; Osame et al., 1986) . The lifetime risk of an infected individual developing either ATL or TSP/ HAM is Ͻ5% (Blattner, 1989) . The remaining 95% of infected individuals are asymptomatic carriers. Asymptomatic carriers can transmit infection and usually display antibody responses to the viral structural antigens gag, pol, and env as well as to the nonstructural Tax protein. An immune response to Tax appears to be an important correlate in viral pathogenesis. For example, anti-Tax antibodies are found in 90% of TSP/HAM patients while only 31% of ATL patients display this response (Uchiyama et al., 1985; Kamihira et al., 1989; Yokota et al., 1989; Kashiwagi et al., 1990; Shioiri et al., 1993 ). An intermediate number of healthy HTLV-I carriers (50±60%) display an anti-Tax antibody response. Immunity to Tax is also associated with increased efficiency of virus transmission. For example, the presence of anti-Tax antibodies is associated with an increased risk of mother-to-child transmission Kashiwagi et al., 1990) and an increased risk of male-to-female transmission (Chen et al., 1991) . The predictive value of anti-Tax antibodies is likely based on their correlation with increased production of infectious virus (Major et al., 1995) and with an increased proviral load (Kira et al., 1991) . Because of these features, early detection of the Tax antibody status of HTLV-I-infected individuals may help to predict their disease course. Despite these epidemiological results, a direct relationship between anti-Tax antibody responses and virus replication has not been previously demonstrated. In this study, we have used the rabbit model system of HTLV-I infection to investigate the relationship between the presence of anti-Tax antibodies and virus replication following cocultivation. The results demonstrate that animals with an immune response to Tax have higher levels of cocultivatable virus than animals with no detectable Tax antibody response.
RESULTS
Because the Tax protein can enhance the replication of HTLV-I and can stimulate proliferation of infected lymphocytes through activation of certain cellular genes, we hypothesized that the presence of anti-Tax antibodies would be associated with increased efficiency of virus replication. To investigate this relationship, the kinetics of the humoral immune response to Tax after HTLV-I infection were determined, and peripheral blood mononuclear cells (PBMCs) from infected rabbits were analyzed for the presence of cocultivatable virus.
Detection of integrated provirus in HTLV-I inoculated rabbits
Fourteen female New Zealand White rabbits were inoculated intravenously with lethally irradiated, HTLV-I-infected HuT102 cells as previously described (Lairmore et al., 1992) . Five additional negative control rabbits were similarly mock infected with irradiated, uninfected HuT78 cells. Of the 19 inoculated rabbits, 15 (1200 series) were 1 year of age while 4 rabbits (1500 series) were 6 months of age at the time of inoculation. After inoculation, serum and PBMCs were collected from the rabbits at weekly to monthly intervals throughout the 60-week sampling period. To determine whether inoculated animals had become infected with HTLV-I, genomic DNA extracted from rabbit PBMCs was amplified by PCR using tax-specific primers. All of the 14 rabbits that received irradiated HuT102 cells had detectable integrated proviral DNA as demonstrated by amplification of the 481-bp tax-specific band and confirmed by Southern blot hybridization with a tax oligonucleotide probe, HTx13 (Fig. 1 ). These results demonstrate that 100% of the animals that received Hut102 inocula became infected. The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) PCR product was also amplified from each of the rabbit DNAs to assess the quality of the genomic DNA.
Anti-Tax antibody responses
To determine Tax antibody reactivity, sera from HTLV-Iand mock-infected rabbits at 60 weeks postinoculation (wpi) were analyzed by Western immunoblotting (Fig. 2) using purified Tax protein. Specificity of rabbit sera reactivity to Tax was determined by comparison with preinoculation sera and with rabbit hyperimmune anti-Tax serum. Seven of the 14 HTLV-I-infected animals had anti-Tax antibodies at 60 wpi. However, all 14 infected rabbits exhibited specific seroreactivity to gag and env antigens over the course of infection (Table 1 ). The seven Tax-antibody-positive rabbits made antibodies to env, capsid, and matrix proteins and seroconverted by 1±4 wpi (data not shown). The Tax antibody negative rabbits responded to fewer viral structural antigens and could be classified into three groups with reactivity to env only, reactivity to env and capsid, or reactivity to env, capsid, and matrix. The mock-infected rabbits lacked specific reactivity to Tax and structural antigens throughout the course of this study. Densitometry of Tax-specific immunoblot bands demonstrated that Rabbits 1282 and 1275 had the strongest anti-Tax antibody response at 60 wpi (11-and 13-fold, respectively, above that of Rabbit 1280). The production of antibodies to Tax in 50% of the infected rabbits closely paralleled the percentage of infected humans that mount an immune response to Tax (Kamihira FIG. 1 . Detection of integrated HTLV-I provirus in PBMC from HTLV-I-infected rabbits. Genomic DNA was isolated from rabbit PBMC at 7 wpi, and 2 g was PCR amplified using Tax HTx11 and HTx12 primers or primers specific for the rabbit glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene. The GAPDH PCR product was visualized by ethidium bromide staining. The 481-bp Tax PCR product was Southern blotted and detected by hybridization with a digoxigenin-labeled Tax oligo probe HTx13. A full-length HTLV-I proviral clone (Derse et al.,, 1996) was amplified, blotted, and hybridized as a positive control. As a negative control, genomic DNA from uninfected Molt 4 cells was similarly amplified and hybridized. Individual rabbit samples are identified above and the position of the Tax and GAPDH bands is indicated on the left. The sequence of primers used for PCR and Southern hybridization are shown below.
FIG. 2.
Immunoblot reactivity of HTLV-I-infected rabbits to Tax. A 1:100 dilution of preinoculation (P) or postinoculation (I) sera from 60 wpi was used to probe Western blots containing Tax protein purified from E. coli. Control anti-Tax hyperimmune rabbit serum was used as a positive control (ϩ). Individual rabbit samples are identified above and the position of the Tax band is indicated on the left.
et al., 1989; Yokota et al., 1989; Kashiwagi et al., 1990; Shioiri et al., 1993) .
Tax-specific antibody responses over time are stable and long lasting
To determine the time of Tax antibody onset, sequential serum samples from Tax-antibody-positive animals were analyzed by Western blotting (Fig. 3) . The onset of anti-Tax antibody reactivity was variable with the earliest responses seen at 5 wpi (1270 and 1282) and the latest responses at 24 and 40 wpi (1578 and 1573), respectively. These results suggest that animals infected with HTLV-I at a younger age (1500 series) have a delayed immune response to Tax ( Fig. 3 and Table 1 ). Because all infected animals mounted an immune response to viral structural antigens (data not shown), the delayed Tax response in younger animals may be specific. A larger number of animals should be analyzed to determine statistical significance of this observation. Infected rabbits that were negative for Tax antibody reactivity at 60 wpi, as well as mock-infected control animals, were tested at selected earlier times for Tax reactivity to determine whether a transient response had occurred. All of these animals remained Tax antibody negative at all time points tested. Immunoblot reactivity to Tax in individual animals remained relatively constant throughout the course of this study. This stable response is similar to anti-Tax responses observed in infected humans. A summary of anti-Tax reactivities for all animals is presented in Table 1 .
HTLV-I replication in cocultures of rabbit PBMCs
Because earlier epidemiological studies had demonstrated a correlation between the presence of Tax antibodies and virus transmission, the level of virus with the potential to replicate was investigated in HTLV-I-infected rabbits. Briefly, PBMCs collected at 8 and 60 wpi from all 14 infected rabbits were PHA-stimulated and cocultured with stimulated human PBMCs. Expression of p19 viral core antigen in coculture supernatants was measured by antigen capture ELISA (Cellular Products Inc., Buffalo, NY). At 8 wpi, six of seven Tax-antibody-positive rabbits had p19 in the coculture supernatant varying from 116 to 11, 184 pg/ml, while none of the seven Tax-antibody-negative rabbits had detectable p19 in the coculture supernatant (P ϭ 0.004, Fisher's exact probability test; Table 2 ). A significant relationship between Tax antibody reactivity and p19 production was again observed at 60 wpi, where six of seven Tax-antibody-positive rabbits, compared to one of seven Tax-antibody-negative rabbits, had detectable p19 in the coculture supernatant (P ϭ 0.03, Fisher's exact probability test; Table 2 ). All animals that expressed p19 at 8 wpi showed reduced p19 expression at 60 wpi. One Tax-antibody-negative rabbit (1283) produced low levels of p19 at 60 wpi and was positive for antibody to viral structural antigens. However, this animal has remained Tax-antibody-negative through 60 wpi and is being monitored for subsequent development of a Tax antibody response. We next investigated whether p19 was produced directly by the rabbit PBMCs or was transmitted to the human PBMCs for virus amplification. Infected rabbit PBMCs in the absence of target uninfected PBMCs was assayed for p19 immediately after collection, after 24 h PHA stimulation, or after 24-h PHA stimulation followed by incubation with IL-2. In all three cases, p19 in cell supernatants was below detection limit (data not shown). Thus cocultivation was necessary to detect p19 expression, suggesting virus transmission from the rabbit PBMCs and subsequent replication in the human PBMCs. These results demonstrate a significant relationship between the presence of virus with the potential to replicate and anti-Tax antibody reactivity in HTLV-I-infected rabbits.
Time course of HTLV-I replication in Tax-antibodypositive rabbits
Because p19 production was greatest in rabbits with an immune response to Tax, a separate experiment was performed to measure p19 production over time (8, 12, 18, 32, and 60 wpi) for all Tax antibody positive animals (Fig. 4) . Rabbits 1275 and 1282 produced the highest levels of p19 at 8 wpi but exhibited greater than 95% reduction in p19 production 4±10 weeks later. The larger amount of early replicating virus recovered from these two animals may have resulted from elevated Tax expression, which also induced their enhanced anti-Tax antibody reactivity observed at 60 wpi. Other virus-specific immune responses, such as gag and env reactivities, were also likely induced by early virus replication. These immune responses, together with cell-mediated responses, may have contributed to the dramatic reduction in cocultivatable virus in Rabbits 1275 and 1282 by 12±18 wpi. Rabbits 1270, 1280, and 1573 produced intermediate levels of p19 at 8 wpi. By 12 wpi, p19 production in these animals was reduced and remained at a low constant level through 60 wpi. Rabbits 1277 and 1578 produced the least p19 at each time point. These animals expressed antibodies to Tax and viral structural proteins but may have been inefficient at assembling or transmitting infectious virus.
FIG. 3.
Time course of Tax immunoblot reactivity; 1:100 dilution of rabbit sera from sequential wpi (indicated at top) or preinoculation sera (P) was used to probe Western blots containing purified Tax protein. The specific rabbit analyzed in each panel is shown on the outside, and the position of the Tax band is indicated in the center. The wpi at which Tax antibody reactivity was first detected is indicated by an asterisk for each animal.
DISCUSSION
This study was initiated to determine the relationship between anti-Tax antibody responses and the presence of virus with the potential to replicate using HTLV-Iinfected rabbits. All infected rabbits displayed integrated provirus and immune reactivity to viral structural antigens. However, only 50% of infected animals displayed anti-Tax antibody responses. The time of onset for antiTax antibody responses was variable but once observed, remained relatively stable. Cocultivatable virus was observed almost exclusively in animals displaying anti-Tax antibodies.
Generation of anti-Tax antibody responses in a specific subset of infected animals is likely due to increased levels of Tax protein expression or expression of the protein for a prolonged period in those animals. Expression of Tax protein in HTLV-I-infected lymphocytes enhances virus replication through transcriptional transactivation of the viral genome. Higher levels of Tax protein expression are likely to increase anti-Tax antibody responses and elevate virus replication. The increase in virus replication may be further accentuated by specific expansion of HTLV-I-infected cell populations due to Tax activation of cellular genes such as IL-2 and IL2R.
HTLV-I is predominantly cell-associated and, unlike HIV-1, has not been detected in the plasma of infected individuals by conventional RT±PCR assays. Therefore, HTLV-I replication is most commonly measured using PBMC cocultivation assays in vitro. The results of the cocultivation assays measure the presence of virus with the potential to replicate. In all animals, the highest levels of p19 production occurred early in HTLV-I infection and decreased over time in combination with the onset and maintenance of anti-viral immune responses. While antibodies to Tax indicate increased levels of early virus replication, it is unlikely that these responses control infection. Rather immune responses to viral structural proteins displayed by all 14 infected rabbits, and potential cell-mediated responses, are more likely to be important in controlling infection. This is particularly evident in Rabbit 1573, in which levels of cocultivatable virus were reduced prior to the onset of Tax antibody.
Taken together, the results of this study demonstrate that the presence of anti-Tax antibody correlates with the presence of cocultivatable virus in HTLV-I-infected rabbit PBMCs. There are a number of similarities between the rabbit model of HTLV-I infection and progression of HTLV-I infection in man. These include the production of anti-Tax antibody responses in approximately 50% of infected individuals and the presence of increased proviral loads in Tax-antibody-positive individuals. Thus the association between anti-Tax antibody responses and 
MATERIALS AND METHODS

Cell culture
HTLV-I-infected HuT102 cells (Blaney et al., 1983 ) and the T cell lymphoma cell line HuT78 (Gootenberg et al., 1981) were maintained in RPMI 1640 medium with 10% fetal calf serum, 100 /ml penicillin and streptomycin, and 10 mM glutamine at 37°C and 5% CO 2 .
Inoculation of rabbits with HTLV-I and sample collection
Fourteen female New Zealand White rabbits were inoculated intravenously with 1 ϫ 10 7 lethally irradiated (4000 R) HuT102 cells. Five additional rabbits were similarly mock-infected using irradiated HuT78 cells and served as negative controls. Of the 19 inoculated rabbits, 15 (1269±1283) were 1 year of age while 4 rabbits (1573± 1578) were 6 months of age at the time of inoculation. Sequential serum and PBMC samples were collected over a 60-week period. PBMCs were purified from heparinized whole blood using Accupaque density separation medium (Accurate Chemical and Scientific Corporation, Westbury, NY).
Detection of integrated provirus
High molecular weight genomic DNA was extracted from rabbit PBMC using DNAzol (Molecular Research Center, Inc., Cincinnati, OH) and examined for the presence of HTLV-I nucleotide sequences by PCR amplification. Primer pairs HTx11 (5Ј-CCCAACATTCCACCCTCCT-3Ј) at nt 7613±7633 and HTx12 (5Ј-CGGAAATCATAG-GCGTGCCA-3Ј) at nt 8094±8074 were used to amplify 2 g of genomic DNA. The base pair numbers correspond to the GenBank sequence, Accession No. J02029. Samples underwent 30 cycles of heating to 95°C for 30 s to denature the DNA, annealing of primers HTx11 and HTx12 at 68°C for 30 s, and a 90-s incubation at 72°C for primer extension, using microreaction tubes in a PerkinElmer 9600 thermal cycler (Perkin-Elmer Corporation, Foster City, CA). An additional 5-min incubation at 72°C was included at the end of the 30 cycle PCR amplification. The amplified Tax product was separated on a 1.8% agarose gel, Southern blotted onto a nylon membrane, and hybridized at 68°C overnight using the 3Ј-digoxigenin (DIG)-labeled HTx13 oligonucleotide probe (5Ј-CTCGGGGCCTTCCTCACCAATGTTCCCTACAA-3Ј) in hybridization solution (5ϫ SSC, 1% casein, 0.1% sodium N-lauroylsarcosine, and 0.02% SDS). After hybridization, blots were rinsed in 2ϫ SSC for 5 min at room temperature (RT) followed by three washes of increasing stringency. These were 2ϫ SSC ϩ 0.1% SDS for 15 min at RT; 0.5ϫ SSC ϩ 0.1% SDS for 15 min at RT; and 0.1ϫ SSC ϩ 0.1% SDS for 15 min at 68°C. The Tax PCR product on the blot was visualized by immunological detection using a Genius 3 kit and the chemiluminescent substrate CDPStar (Boehringer-Mannheim, Indianapolis, ID).
To assess the quality of the samples, identical rabbit genomic DNAs were amplified with primers specific for the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene. The products of these PCR reactions were visualized as ethidium bromide stained bands on an agarose gel.
Detection of Tax-specific humoral immune responses
Serum samples were tested for antibody reactivity to HTLV-I antigens by Western immunoblots using Tax protein purified from Escherichia coli (Lindholm et al., 1990) . Briefly, 10 g of Tax protein was electrophoresed on a 10% reducing polyacrylamide gel and electroblotted to an Immobilon-P membrane (Millipore Corporation, Bedford, MA). The membrane was blocked in PBS-T (phosphate-buffered saline, 0.1% Tween 20) with 5% non-fat dry milk for 2 h at room temperature. Individual strips were cut and incubated with 1:100 dilutions of preimmune or test rabbit serum in PBS-T overnight at 4°C. Following washing with PBS-T, the strips were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (Sigma Chemical Co., 1:2000) for 2 h at room temperature. Protein bands were visualized either by chemiluminescence using ECL substrate (Amersham) or colorimetrically using TMB (3,3Ј,5,5Ј-tetramethylbenzidine) substrate and enhancer (Kirkegaard & Perry, . Time course of virus production. PBMC from Tax antibody positive rabbits at various wpi were isolated from heparinized arterial blood by density centrifugation. The freshly isolated PBMC were stimulated with 10 g/ml phytohemagglutinin and incubated in the presence of 50 U/ml human recombinant IL-2 overnight at 37°C ϩ 5% CO 2 and cocultivated with similarly treated human PBMC for 2 weeks in the presence of IL-2. The amount of p19 expression in culture supernatants (pg/ml) was determined by antigen capture ELISA. The seven animals analyzed in this assay are shown on the right. burg, MD). The banding pattern obtained with the rabbit test sera against purified Tax protein was confirmed by comparison with hyperimmune anti-Tax serum from a rabbit previously inoculated with purified Tax protein.
Western blot reactivities were quantitated by densitometry using a Molecular Dynamics Phosphoimager and ImageQuant software.
Detection of HTLV-I in PBMC cocultures
The core p19 antigen of HTLV-I was detected in rabbit PBMC using a cocultivation assay (Lairmore et al., 1990) . Briefly, rabbit PBMC harvested by density gradient centrifugation were stimulated with 10 g/ml phytohemagglutinin (PHA) and 50 U/ml recombinant human IL-2 (Hemagen) and cocultured with similarly treated human PBMC from an HTLV-I-negative donor. Cultures were maintained in complete RPMI 1640 medium supplemented with 50 U/ml IL-2. Cocultures were fed after 1 week in culture, and supernatants were harvested after 2 weeks in culture. Supernatants were tested for the presence of p19 using an antigen capture ELISA (Cellular Products, Buffalo, NY). The concentration of HTLV-I p19 in test samples was determined by interpolation from the standard curve generated by plotting absorbence values of known p19 antigen standards.
